Direct viable counting of metal-resistant bacteria (DVCMR) has been found to be useful in both enumerating and differentiating metal-resistant and metal-sensitive strains of bacteria. The DVCMR bioassay was used to detect effects of low and high concentrations of arsenic and arsenicals on bacterial populations in groundwater. The level of resistance of the bacterial populations to arsenate was determined by the DVCMR bioassay, and the results showed a linear correlation with the total arsenic concentrations in the monitoring well water samples; no correlation was observed by culture methods with the methods employed. Bacteria resistant to 2,000 jig of arsenate per ml were isolated from all monitoring well water samples studied. Strains showed similar antibiotic and heavy-metal profiles, suggesting that the arsenic was not a highly selective pressure for arsenic alone. The monitoring well water samples were amended with arsenate and nutrients to determine the biotransformation mechanisms involved. Preliminary results suggest that bacteria indigenous to the monitoring well water samples did not directly transform, i.e., precipitate or volatilize, dissolved arsenic. It was concluded that arsenic contamination of the groundwater can be monitored by the DVCMR bioassay.
Concern for environmental quality has stimulated scientific studies of the chemical behavior and biological effects of metal contamination on the hydrosphere and lithosphere. From the standpoint of environmental pollution, heavy metals and metalloids are extremely toxic because of their relative accessibility to biological systems (16) . At the other end of the effects spectrum, a large body of evidence has accumulated on the relationship of metals and bacterial resistance to metals in soil, water, and sediment (1, 4, (11) (12) (13) (14) (15) .
A bioassay system (12, 13) was used to evaluate metal resistance patterns in bacterial communities in metalpolluted soils. Results of the bioassay procedure are such that bacterial metal resistance can be used to index the relative content of the metals in natural systems. The ability of bacteria to adapt via mutation or selection or both can be used to indicate whether specific metals are present or have been present relatively recently.
The objective of this study was to investigate effects of arsenic contamination on bacterial populations indigenous to contamination-monitoring wells. Chemical analysis of contamination-monitoring well water indicates that arsenic compounds enter the groundwater at various concentrations, most likely from the disposal of arsenic-containing chemicals. The hypothesis that low-level arsenic contamination selects for bacterial resistance patterns reflecting ambient concentrations of the metal was tested.
In this study, the bioassay system (13) was modified, using a variation of the direct viable counting (DVC) method (9) to evaluate the percentage of the indigenous bacterial community in groundwater that was resistant to arsenic at increasing concentrations.
MATERIALS AND METHODS
Sample collection. Water samples were collected from contamination-monitoring wells located outside and around * Corresponding author.
0-field at the Aberdeen Proving Ground, Md. (Fig. 1) . The samples were collected in April 1986 for microbiological and chemical analyses. A total of four wells were sampled (wells 1, 6, 8, and 17) . Previous chemical analysis of water collected from these wells indicated relatively high concentrations (micrograms per liter) of dissolved arsenic compounds in wells 6 and 17 (D. Vroblesky, personal communication). Wells 1 and 8 each contained less than 15 ,ug/liter. Measurement of the redox potential of the water indicated that the wells were anaerobic (D. Vroblesky, personal communication). The well casings were pumped or bailed and allowed to refill before sampling. Water samples were collected with a bailer that had previously been rinsed several times with the well water. The samples were transferred to a sterile, acid-washed (0.1 N HCl), 1-liter screw-cap glass bottle (Bellco Glass, Inc., Vineland, N.J.). Immediately after collection, the water was analyzed for total number of bacteria, presence of resistant strains, microbial transformation of arsenic, and arsenic concentration.
Arsenic analysis. Water samples collected from each well were analyzed for total arsenic by atomic absorption spectrometry. Volumes of 99 ml of water were transferred to screw-cap 125-ml Erlenmeyer flasks containing 1.0 ml of concentrated sulfuric acid for transport to the laboratory. Arsenic from the acidified well water samples was extracted as iodides with toluene (3). A sample taken from the toluene layer was analyzed for arsenic (2) by atomic absorption (Perkin-Elmer 5000 spectrometer equipped with an electrically heated graphite atomizer and As electrodeless discharge lamp).
The arsenic stock solutions, as well as the broth culture medium amended with sodium arsenate used in the transformation experiment, were similarly analyzed. A 10-ml sample of the culture was centrifuged at 12,062 x g for 15 was used to determine the total numbers of bacteria in water samples collected from each well. In the field, a 90.0-ml sample of raw water was transferred to a sterile polycarbonate bottle to which 10.0 ml of Formalin (37%) was added. The mixture was stored in the dark at 4°C during transport to the laboratory. Treated water (4.0 ml) was mixed with 0.4 ml of acridine orange (0.1%) for 3 min and filtered with a 0.2-,um-pore-size polycarbonate filter (Nuclepore Corp., Pleasanton, Calif.) previously soaked in 0.2% nigrosin solution for 10 to 20 h. After rinsing with filtered distilled water, the damp filter was placed between a microscope slide and a cover slip, using immersion oil (Nikon). All reagents used had previously been filtered through a 0. 1 min, and 9.0 ml was dispensed into screw-cap test tubes containing 1.0 ml of one of five arsenic stock solutions.
Stock solutions containing 2.0, 5.0, 10.0, or 20.0 mg of arsenate per ml were prepared from a 1.0 M solution of sodium arsenate. Final concentrations were 0, 200, 500, 1,000, or 2,000 ,ug/ml per tube. A total of 15 tubes were used for each well site tested. After mixing, the tubes were incubated at 25°C for 24 h and then fixed with 3.7% (final concentration) Formalin. Tubes were stored in the dark at 4°C during transport to the laboratory. Numbers of viable (substrate-responsive) cells were determined for each concentration of arsenic tested, using epifluorescence microscopy, by counting the enlarged cells (DVC) as described above. Cells that were elongated or swollen were designated as viable and thus resistant to the concentration of arsenate tested. The percentage of the total viable population resistant to arsenate (%R) was calculated by dividing the number of viable cells in the arsenate-containing tubes (DVCMR) by the number of viable cells without arsenate addition (DVC) times 100. The level of resistance (LOR), i.e., the concentration of metal at select %R, was determined by regression analysis. The LOR for arsenic was calculated at %R = 50 (ASLOR50) and represents the concentration of arsenate resulting in 50% of the bacterial population remaining viable.
Viable counts for metal resistance. For determining VC for metal resistance (VCMR), samples (triplicate) of well water from the 1-liter bottle were serially diluted in sterile distilled water and plated onto NA/2 unamended and amended with 200, 500, 1,000, or 2,000 p.g of arsenate per ml by the method described above (VC). Inoculated plates were incubated at ca. 25°C for several days. The numbers of bacteria per milliliter of water were determined by counting the CFU at Metal and antibiotic profiles of Aberdeen Proving Ground isolates. (i) Isolation and purification. The colonial morphology of the CFU from the NA/2 amended with 2,000 ,ug of arsenate per ml and control plates was described. Only those colonies exhibiting differing colonial morphology on the arsenate-amended medium were picked and restreaked three times onto NA/2 amended with 2,000 ,ug of arsenate per ml. Purified arsenic-resistant strains were Gram stained and stored on arsenic-amended nutrient agar slants. A total of 37 strains of arsenic-resistant bacteria were isolated and purified from water samples collected from the wells tested in this study.
(ii) Heavy-metal resistance patterns. The method of Novick and Roth (10) was used to screen isolates for resistance to a variety of heavy-metal salts. Blank 0.7-cm concentration disks (Difco Laboratories, Detroit, Mich.) were impregnated with 0.Q2 ml of a salt solution, dried, and placed on MuellerHinton agar plates previously spread with a suspension of the strains to be tested. Plates were incubated for 48 h at 25°C. The zone of inhibition produced by the salt was measured and scored as very resistant (<2.0 mm), moderately resistant ( (iii) Antibiotic profile. The standard disk-agar diffusion method (5) for determining susceptibility to antibiotics was used to examine each isolate for antibiotic resistance. Mueller-Hinton agar was swabbed with a cell suspension prepared by mixing CFU in sterile distilled water (2.0 ml).
Disks containing novobiocin (30 p.g), polymyxin B (300 U), tetracycline (30 pg), gentamicin (10 p.g), streptomycin ( tamination-monitoring wells. The %R was plotted against the amount of arsenate used in the assay (Fig. 2) , and the level of resistance to arsenic at select %R (ASLOR%) was then determined for relatively clean (wells 1 and 8) and arsenic-contaminated (wells 6 and 17) wells. The regression analysis for each site showed a logarithmic curve fit (R2 = 0.93, well 1; 0.98, well 8; 0.99, well 6; 0.98, well 17). The ASLOR50s of wells 1 and 8 were calculated to be 30 ,ug/ml (%R = 50.0) and 41 p.g/ml (%R = 50.3), respectively. Wells that contain low concentrations (micrograms per liter) of dissolved arsenic compounds most probably select for those bacteria resistant to arsenate. The ASLOR50s of wells 6 and 17 were calculated to be 80 ,ug/ml (%R = 50. 6) and 114 jig/ml (%R = 50.0), respectively. Larger amounts of dissolved arsenic in the well water selected for higher ASLOR50s in bacterial populations. Linear regression (R2 = 0.98) was observed between the ASLOR50 and measured arsenic concentration for each well (Fig. 3) Colonial and cellular morphologies of isolates from NA/2 (control) and NA/2 amended with 2,000 ,ug of arsenate per ml were determined for each well. All strains isolated from metal-amended agar were morphologically similar to those isolated on unamended agar. For example, for well 1, a total of 10 strains were observed on both the control and metalamended agar plates. The 10 strains on the metal-amended agar plates showed colonial and cellular morphologies similar to those of the 10 strains from the control plates.
Heavy-metal and antibiotic profiles of bacterial isolates resistant to 2,000 ,ug of arsenic per ml were examined for multiple resistance. A total of 37 isolates were examined (10 strains from well 1; 10 from well 8; 9 from well 6; 8 from well 17). Metal and antibiotic resistance profiles for isolates from each well are summarized in Table 3 .
Metal resistance was demonstrated by isolates from the wells tested, and they also showed resistance to antibiotics. 
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Also, multiple-metal resistance, i.e., resistance to two or more heavy metals, occurred in all isolates tested, viz., all arsenic-resistant isolates from well 1 were resistant to Cd, Pb, and Hg. Similar results were observed for isolates from well 8 (Cd, 90%; Pb, 90%; Hg, 100%). Wells 6 and 17 showed a lower percentage of isolates resistant to these metals.
Three strains isolated from water samples collected from well 6 became sensitive to all metals tested, including arsenate, during storage on unamended NA/2. Therefore, results for well 6 are most probably higher than reported. Although the results presented here are not conclusive, mainly owing to the few arsenic-resistant strains isolated from each well, they suggest that highly contaminated wells (6 and 17) harbor multiple-metal-resistant isolates that do not differ in metal resistance patterns when compared with isolates from relatively clean wells (1 and 8) .
A similar trend was observed for antibiotic resistance patterns among arsenic-resistant isolates. The antibiotic resistance patterns appeared more restrictive than the heavy-metal patterns. In general, isolates from wells 1 and 8 demonstrated a greater percentage of arsenic-resistant isolates that were resistant to the antibiotics tested. Multiple antibiotic resistance was observed for isolates from each well, usually against penicillin and novobiocin.
Interestingly, water samples from wells 6 and 17 yielded multiple-metal-resistant isolates that were sensitive to gentamicin, not observed for wells 1 and 8. These results suggest that arsenic contamination in wells 6 and 17 did not act as a selective pressure for resistance to the antibiotics tested. Arsenicals in the water do not appear to select for strains that have differing antibiotic and heavy-metal profiles.
To investigate possible biotransformation, i.e., biological removal of arsenic from the aqueous phase, water from each Cd  88  67  90  100  Mn  38  67  40  80  As  100  67  100  100  Pb  100  67  90  100  Hg  63  56  100  100  Cu  88  33  80  80   NB30  25  44  50  60  PB300  50  33  20  30  TE30  NDC  11  40  ND   GM10  0  0  30  20  S10   13  22  40  40  C30  13  11  50  30  PlO  100  56  100  100  E15  13  11  50  20 a Treatments were based on a standard disk-agar diffusion method for measuring resistance to heavy metals [CdCI2, 0.001 M; MnSO4 * H20, 1.0 M; NaHAsO4 * 7H20, 0.1 M; Pb (C2H302)2, 0.1 M (in equimolar EDTA); HgCI,, 0.001 M; CuS04 -5H20, 0.16 MI and antibiotics (NB30, novobiocin, 30 ,ug; PB300, polymyxin B, 300 U; TE30, tetracycline, 30 ,ug; GM10, gentamicin, 10 ,ug; S10, streptomycin, 10 ,ug; C30, chloramphenicol, 30 ,ug; P10, penicillin, 10 U; E15, erythromycin, 15 p.g).
b %R of the bacterial strains isolated from each well, using NA/2 amended with 2,000 ,ug of arsenate per ml, was calculated by dividing the number of resistant strains by the total number screened times 100. Eight strains were screened from well 17, 9 from well 6, 10 from well 1, and 10 from well 8.
c ND, Not determined. The largest amounts of arsenic metabolized were in samples from wells 17 (15%) and 6 (37%). The pH of each reaction flask approximated 9.0 after the incubation period. A white crusty precipitate was observed on the walls of each reaction flask, except for the well 1 sample, which was incubated under anaerobic conditions. To test whether bacteria were responsible for the observed transformation of arsenic, we transferred 1.0 ml from each reaction flask separately into sterile NA/2 broth amended with 1,000 jig of arsenate per ml. These media differed from the above medium in the concentration of arsenate, and also distilled water was used to prepare the medium rather than well water. The flasks were incubated and analyzed as above. After incubation for 42 days, the arsenic concentration in each reaction flask remained unchanged relative to that of the sterile control. The final pH of each flask was ca. 9.0, and no white precipitate was observed. These results indicated that heterotrophic bacteria resistant to arsenic and indigenous to the wells did not transform arsenate directly under the conditions tested. However, the strains caused an increase in pH of the culture medium. At (2, 000 ,ug/ml).
The DVCMR is rapid and inexpensive, comparable with the VCMR. Resistance profiles were obtained in as little as 6 h for pure cultures, i.e., Escherichia coli. Because the method is very rapid, highly sensitive, relatively less expensive, and easily transported compared with classical culture methods or other methods (7), the DVCMR bioassay is ideally suited to evaluate resistance patterns under field conditions. The DVCMR bioassay allows for principles of microbial biogeochemistry to be applied to metal prospecting or contamination monitoring in both aquatic and terrestrial environments. Interestingly, because patterns of resistance to stressors in bacteria are encoded by DNA (plasmid or chromosomal) which is likely to remain after disappearance of the stressor, it may be possible to backtrack to their source contamination plumes in soils and sediments by using this method in conjunction with confirmation by gene probe.
